Abstract. Glioblastoma (GBM) is a common aggressive cancer that originates in the brain, which has a poor prognosis. It is therefore crucial to understand its underlying genetic mechanisms in order to develop novel therapies. The present study aimed to identify some prognostic markers and candidate therapeutic targets for GBM. To do so, RNA expression levels in tumor and normal tissues were compared by microarray analysis. The differential expression of RNAs in normal and cancer tissues was analyzed, and a competing endogenous RNA (ceRNA) network was constructed for pathway analysis. The results revealed that RNA expression patterns were considerably different between normal and tumor samples. A ceRNA network was therefore constructed with the differentially expressed RNAs. ETS variant 5 (ETV5), myocyte enhancer factor 2C and ETS transcription factor (ELK4) were considerably enriched in the significant pathway of 'transcriptional misregulation in cancer'. In addition, prognostic analysis demonstrated that ETV5 and ELK4 expression levels were associated with the survival time of patients with GBM. These results suggested that ELK4 and ETV5 may be prognostic markers for GBM, and that their microRNAs may be candidate therapeutic targets.
Introduction
MicroRNAs (miRNAs/miRs) are a class of small noncoding RNAs that serve key roles in various types of biological processes. Competing endogenous RNAs (ceRNAs) were recently defined as a group of RNAs that competes for shared miRNA targets and affects the biological functions of miRNAs (1) . It has been reported that ceRNAs serve regulatory roles in gene expression, and are involved in the pathogenesis of cancer and other diseases (2) . Therefore, focusing on ceRNA networks is important to understand the underlying mechanisms of cancer progression.
Glioblastoma (GBM) is a common aggressive cancer that originates in the brain. Early stage symptoms of GBM are similar to those of a stroke, but they worsen rapidly (3). The survival time of patients after diagnosis is between 12 and 15 months, and only 3-5% of patients survive for 5 years following therapy (4) . Current therapies include surgery, chemotherapy and radiation; however, GBM maintains a poor prognosis. It is therefore important to study the underlying genetic mechanisms of GBM. Identifying prognostic markers of GBM will also aid understanding of the mechanism underlying metastasis and may lead to the discovery of novel therapeutic targets. Identifying the ceRNA network in GBM may provide a novel perspective for understanding the biological mechanisms of the disease.
In the present study, RNA microarray analysis was performed on tumors from patients with GBM, and a ceRNA network based on the GBM datasets was designed. The genes that were highlighted in the dysfunctional pathways may serve key roles in GBM progression. Subsequently, a functional analysis of mRNAs from the ceRNA network was performed, and focused on the significant pathway-associated genes and miRNAs.
Materials and methods
Sample collection. Tumor specimens and paired adjacent healthy tissues were obtained during surgical resection performed at Luhe Hospital Affiliated to Capital Medical University (Beijing, China) between September 2016 and December 2016. The patients with GBM included in the presented consisted of one female and two males (age, 60±7.21 years). All surgically removed tissue samples were immediately frozen in liquid nitrogen and then stored at -80˚C within 30 min. The study was approved by the Ethics Committee of Luhe Hospital Affiliated to Capital Medical University (Beijing, China) and all patients provided informed consent prior to the study.
Microarray RNA expression. Total RNA was isolated using a TRIzol ® Plus RNA Purification kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the supplier's protocol. RNA quality and concentration were assessed using an ND-1000 Spectrophotometer (Nanodrop; Thermo Fisher Scientific, Inc., Wilmingtom, DE, USA). Microarrays were performed using a GeneChip ® WT Pico Reagent kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. Briefly, total RNA (>1 µg) was used for cDNA synthesis, which was performed with WT Pico Reagent kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The cDNA was fragmented with uracil-DNA glycosylase and apurinic/apyrimidinic endonuclease 1 at the unnatural dUTP residues, and then labeled with biotin and terminal deoxynucleotidyl transferase (TdT) using the Affymetrix DNA Labeling Reagent (Affymetrix; Thermo Fisher Scientific, Inc.). The samples were hybridized with the GeneChip ® Hybridization, Wash, and Stain kit (Thermo Fisher Scientific, Inc.). After washing, the arrays were scanned with a GeneChip ® Scanner 3000 7G (Thermo Fisher Scientific, Inc.).
Testing for correlation of expression levels between samples.
The correlation and reliability of RNA expression between samples were evaluated. Based on RNA expression, a principal components analysis (PCA) was conducted for each sample using the psych package (version 1.7.8) (5) If the number of genes enriched in a GO term were exact, P-values were calculated using the Fisher exact test based on hypergeometric distribution. When 2n f ≤ n, the P-value was calculated as follows:
where n f , number of DE genes enriched in the GO term; n, total number of genes enriched in the GO term; N f , total number of DE genes that are either enriched or not enriched in the GO term; N, total number of genes in all conditions; N-n, total number of genes not enriched in the GO term; p F , P-value obtained by Fisher exact test; p n , P-value of the GO term; and x, random variable.
Prediction of the disease-related RNAs. Weighted gene co-expression network analysis (WGCNA) (10) is a biological method used to design correlation networks based on high throughput expression data. WGCNA can be employed to find clusters of genes closely correlated and analyze the correlation between RNA and disease. In the present study, DE-mRNAs, DE-lncRNAs, DE-miRNAs and DE-circRNAs were analyzed with the WGCNA package (11) in R.
Prediction of lncRNA-miRNA, circRNA-miRNA and miRNA-mRNA interactions. Based on the differentially expressed RNA analysis, the interactions between lncRNA and miRNA were analyzed by miRcode version 11 (http://www. mircode.org/) (12) . The circRNA-miRNA interactions were predicted by the starBase database version 2.0 (13) (http:// starbase.sysu.edu.cn/index.php). The |correlation coefficient|>0.6 obtained by WGCNA analysis was defined as the criterion for screening the lncRNA-miRNA and circRNA-miRNA interactions. The interaction network was visualized by Cytoscape 3.3 (14) (http:// www.cytoscape.org/).
The target genes regulated by DE-miRNAs were predicted by miRanda (http://www.microrna.org/microrna/home.do) (15) and TargetScan (16) Release 7.1 (http://www.targetscan. org/vert_71/). The miRNA-mRNA interactions with reverse expression were collected for network construction using Cytoscape 3.3. Subsequently, the target genes of the miRNAs were subjected to GO function and pathway analysis using the DAVID online tool.
ceRNA network construction. Based on the lncRNA-miRNA, circRNA-miRNA and miRNA-mRNA interactions predicted, a ceRNA network was constructed. Pathway analysis was performed for the mRNAs in the ceRNA network. The significant pathways and genes were further analyzed.
Prognosis analysis. A total of 305 brain tumor datasets, including 128 GBM, 46 oligodendrocytomas, 94 astrocytomas and 37 mixed brain tumor samples were downloaded from the Chinese Glioma Genome Atlas (CGGA;http://www.cgga. org.cn/) database. The 128 GBM samples with prognostic information were collected for further analysis. The significant pathway-related genes were subjected to Kaplan-Meier curve analysis (17) based on the expression values of the 128 GBM samples with the application of the survival package (version 2.41.3; https://cran.r-project.org/web/packages/survival/index.html) in R.
Results

Correlation between the gene expression profiles of samples.
After data preprocessing, the expression data were normalized (Fig. 1A) . PCC between samples was calculated. If the correlation coefficient was close to 1, this indicated that the expression patterns between samples were similar. As shown in Fig. 1B , all PCCs ranged between 0.95 and 1, which indicated that the expression pattern correlations between samples were high.
PCA analysis demonstrated that there were no outliers. The sample distribution was relatively centralized, particularly for samples in the same group (Fig. 1C) . After RNA data annotation, a total of 135,750 probes with expression signals were detected, including 28% lncRNAs, 24% miRNAs, 4% circRNAs and 19% mRNAs (Fig. 1D) .
Identification of differentially expressed RNAs. According to the cutoff value, a total of 987 DE-mRNAs, 2,879 DE-lncRNAs, 702 DE-circRNAs and 44 DE-miRNAs were found in tumor samples compared with controls. Bidirectional hierarchical cluster analysis illustrated that the expression patterns of DE-mRNAs, DE-lncRNAs, DE-circRNAs and DE-miRNAs were considerably different between GBM and control samples (Fig. 2) .
DE-mRNAs GO functions and pathways. GO function
and KEGG pathway analyses were performed for the up and downregulated mRNAs. The downregulated mRNAs were considerably enriched for 32 GO terms [15 biological processes (BP), 9 cellular components (CC) and 8 molecular functions (MF)], including 'GO:0045333~cellular respiration' (BP), 'GO:0016197~endosome transport' (BP) and 'GO:0016881~acid-amino acid ligase activity' (MF) (Fig. 3A) . The upregulated mRNAs were closely associated with 31 GO terms (22 BP, 5 CC and 4 MF), including 'GO:0022403~cell cycle phase' (BP), 'GO:0000775~chromosome, centromeric region (CC)' and 'GO:0003774~motor activity' (MF) (Fig. 3B) . Downregulated mRNAs were considerably enriched in four pathways: 'hsa05010: Alzheimer's disease'; 'hsa00970: Aminoacyl-tRNA biosynthesis'; 'hsa04740: Olfactory transduction'; and 'hsa04130: SNARE interactions in vesicular transport'. The upregulated mRNAs were considerably enriched in seven pathways, including: 'hsa00601: Glycosphingolipid biosynthesis'; 'hsa04110: Cell cycle'; 'hsa04664: Fc epsilon RI signaling pathway'; and 'hsa00380: Tryptophan metabolism' (Table I ). Disease-related RNAs and modules based on WGCNA analysis. In order to screen the disease-related RNAs, correlation analysis was performed based on the WGCNA algorithm.
As shown in Fig. 4A , when (correlation coefficient) 2 was up to 0.9, the weight parameter power was 12. Power=12 was used for the RNA dendrogram and module analysis, and other parameters were set as gene count=100 and cutHeight=0.95. A total of 13 modules were obtained (Fig. 4B) and the correlation dendrogram of modules was presented in Fig. 4C . The correlations between RNA expression and disease state (disease/control) were calculated. All modules were significantly correlated with disease (P=0.0016) and the correlation coefficient of each module to disease was >0.8 ( Fig. 4D and Table II) .
lncRNA-miRNA, circRNA-miRNA and miRNA-mRNA interactions. A total of 55,064 lncRNA-miRNA interactions were predicted by the miRcode database. Based on WGCNA analysis, the lncRNA-miRNA pairs with |correlation coefficient|>0.6 were collected for the lncRNA-miRNA interaction network. As shown in Fig. 5A , the lncRNA-miRNA interaction network was constructed with 450 lncRNA-miRNA interaction pairs. Based on the information deposited in the starBase database, 20,480 circRNA-miRNA interactions were collected, among which 313 pairs had a |correlation coefficient|>0.6. The circRNA-miRNA interaction network comprised 183 circRNAs and 22 miRNAs connected with 313 edges (Fig. 5B) .
A total of 8,275 and 15,573 miRNA-mRNA interactions were predicted through miRanda and the TargetScan database, respectively. Among the 425 overlapping interactions, 151 interaction pairs had inverse expression. In addition, 209 mRNA interaction pairs with a |correlation coefficient|>0.6 were collected to construct the miRNA-mRNA interaction network. The network presented 163 nodes (42 miRNAs and 121 mRNAs) and 360 edges (151 miRNA-mRNA interactions and 209 mRNA-mRNA interactions) (Fig. 5C ). miRNAs and mRNAs in the network were mainly the members in the turquoise and brown modules by WGCNA.
ceRNA regulatory network construction. Based on the aforementioned RNA interactions obtained, a ceRNA network comprising lncRNA, circRNA, miRNA and mRNA was constructed (Fig. 5D) . The ceRNA network contained 487 nodes (273 lncRNAs, 156 circRNAs, 14 miRNAs and 44 mRNAs) and 602 edges (317 lncRNA-miRNA interactions, 234 circRNA-miRNA interactions and 51 miRNA-mRNA interactions). The lncRNA, circRNA and mRNA nodes were mainly members of the turquoise disease-related module in WGCNA. The miRNAs were mainly from the turquoise and brown modules.
All mRNAs in the ceRNA network were subjected to pathway analysis, and six significant KEGG pathways were enriched, including 'has05202:Transcriptional misregulation in cancer', 'has00603:Glycosphingolipid biosynthesis' and 'hsa04010: MAPK signaling pathway'. The differentially expressed ETS variant 5 (ETV5), myocyte enhancer factor 2C (MEF2C) and ETS transcription factor (ELK4) were enriched in the 'transcriptional misregulation in cancer pathway' (Table III) . The ceRNA networks associated with ETV5, MEF2C and ELK4 were further analyzed. As shown in Fig. 5E , ETV5, MEF2C and ELK4 were regulated by hsa-miR-8067, hsa-miR-3161 and hsa-miR-4528, respectively.
Determination of prognostic markers. Prognostic marker analysis was performed for ETV5, MEF2C and ELK4. The samples were classified into high and low expression groups based on the expression median of the given gene. The association between gene expression and prognosis was analyzed. Fig. 6 demonstrated that low expression of ETV5 and ELK4 were significantly associated with a good prognosis, whereas MEF2C expression was not associated with prognosis.
Discussion
ceRNAs serve an important role in regulating gene expression. It has been reported that perturbations in ceRNA networks are closely associated with cancer progression (1) . GBM is a common aggressive brain cancer, known to have a poor prognosis and limited available therapies. Therefore, ceRNA networks may provide novel tools to understand the underlying mechanisms of GBM and discover potential novel therapeutic targets. In the present study, RNA microarray data were obtained from GBM tumor and paired control tissues. Based on the RNA expression datasets, a ceRNA network was constructed.
The differential expression of RNAs between GBM and control samples observed suggested that DE-RNAs may be important for cancer progression. For instance, it has been demonstrated that reducing SH2-containing-inositol-5-pho sphatase 2 expression affects the control of cell migration in glioblastoma (18) . In addition, inhibition of mammalian target of rapamycin complex 1 and 2 leads to suppression of GBM cell proliferation (19) . It is well known that miRNAs are a class of small lncRNAs, which negatively regulate gene expression at the mRNA level (20) . Some ceRNAs, including lncRNAs and circRNAs, share the target binding sites of miRNAs and competitively bind in order to affect gene expression and biological processes (2) . The ceRNA networks contain transcripts that share miRNA response elements targeted by miRNAs (1) . The ceRNA network analysis performed in the present study revealed that 'transcriptional misregulation in cancer' was a markedly altered pathway in GBM.
ETV5, ELK4, and MEF2C are mRNAs that exhibited significant differential expression in the most significantly enriched pathways. ETV5 is a member of the erythroblast transformation-specific (ETS) family of transcription factors, and its dysregulation is associated with prostate (21) and endometrial cancer (22) . A recent study revealed that ETS pathways are perturbed in the initiation and maintenance of glioma (23) . In addition, Li et al reported that ETV5 serves a critical role in perinatal gliogenesis (24) . It has been reported that many ETS family members are upregulated in Kras, Hras and Erbb tumors (23) . ETV5 is also involved in tumor initiation and gliogenesis regulation (24) . ETV5 may therefore serve an important role in GBM development. In addition, prognostic analysis of ETV5 expression in 128 brain nerve tumor samples revealed that low expression was considerably associated with a good prognosis, which suggested that high expression of ETV5 may be a risk factor for GBM.
High expression of ELK4 was also revealed to be a risk factor for GBM by prognostic analysis. Similar to ETV5, ELK4 is an ETS-domain transcription factor. ETS transcription factors serve regulatory roles in gene expression and various biological processes, including cellular proliferation, differentiation, development and apoptosis (25) . ETS transcription factors have previously been suggested as candidate therapeutic targets for cancer (26) . In addition, ETS gene rearrangement and fusion are frequently observed in prostate cancer (27, 28) . The solute carrier family 45, member 3-ELK4 is a novel fusion transcript highly expressed in patients with prostate cancer (29) . Some ETS genes, including ETV1, ETV4, ETV5 and ELK4, have been reported to be rearranged in prostate cancer (28) . In addition, ELK4 promotes apoptosis in glioma by inhibiting the expression of the anti-apoptotic protein myeloid cell leukemia-1 (30) . Downregulation of ELK4 inhibited GBM tumor formation and ELK4 was defined as a novel target for GBM therapy (30) . In the present study, ELK4 was considerably upregulated in GBM tumor samples, and these high expression levels were associated with a poor prognosis, which was consistent with previous findings. Altogether, these results suggested that ELK4 may serve a critical role in GBM formation.
The ceRNA network analysis revealed that ETV5 was regulated by miR-8067, and that ELK4 was a target for miR-4528. In a previous study, miR-4528 was revealed to be differentially Figure 6 . KM curve analysis of the association between the expression of (A) ELK4, (B) ETV5 and (C) MEF2C, and prognosis. The purple and blue lines represent low and high expression levels, respectively. ELK4, ETS transcription factor; ETV5, ETS variant 5; KM, Kaplan-Meier; MEF2C, myocyte enhancer factor 2C. expressed in colon cancer (31) . Although the evidence for a critical role of miR-8067 and miR-4528 in GBM is minimal, they may aid the regulation of ELK4 and ETV5, and further investigation is required.
In the present study, the ceRNA analysis indicated that the 'transcriptional misregulation in cancer' pathway, which involves ELK4 and ETV5, was considerably dysregulated in GBM tumor samples. Therefore, ELK4 and ETV5 may be critical in tumor formation, and their expression levels were significantly associated with prognosis. ELK4 and ETV5 may be considered as prognostic markers for GBM, and the miRNAs regulating their expression may be candidate targets for GBM. In order to verify these assumptions, further investigations are required.
Despite its interesting findings, the present study had some limitations. Firstly, experimental verifications of the results using clinical specimens or cell lines have not been included due to insufficient material and funding. In addition, the sample size was not large enough to produce significant results. In conclusion, due to the analysis design and comprehensive bioinformatics analysis, the results obtained in the present study may be of great interest to identify novel prognostic markers for GBM. Further validation will be the focus of further studies.
